Introduction
With the negative effects of the resource crisis increasing, many countries are forced to investigate environmentally friendly, renewable, and sustainable energy. Power supply issues have often restricted the economic development of coastal cities and isolated islands. Many countries advocate for the application of renewable energy. Global investments in renewable power and fuel increased to a new record of $285.9 billion in 2015, the first increase in four years with the largest investments in the wind and solar energy sectors [1] [2] [3] . Wind energy is the most advanced of the "new" renewable power technologies and has been the largest single sector for investment in recent years [4] . Wind energy is also believed to have the lowest adverse environmental impacts [5] and is competitive in cost to other fuel sources [3, [6] [7] [8] . The full development and utilization of offshore wind energy will be beneficial to the sustainable development of human society and isolated islands.
In the development of wind power, it is necessary to analyze the characteristic and rich degree of wind energy resource. In 2008, the National Aeronautics and Space Administration [9] and Liu et al. [10] created global ocean wind power density (WPD) contours. These results show that the energy-rich areas are mainly located in western belts of the Northern (500-1000 W/m 2 ) and Southern Hemispheres (800-1600 W/m 2 ). Archer and Jacobson [11] quantified the world's wind power potential and concluded that the power generated at locations with mean annual wind speeds ≥ 6.9 m/s at 80 m is ∼72 TW (∼54000 Mtoe). If only 25% of this power could be captured, it could satisfy the world's main energy demands in 2015 (4200 Mtoe oil, 3900 Mtoe coal, 3200 Mtoe natural gas, and 300 Mtoe renewable energy in power, [12] ). Using temporal and spatial distributions of WPD, wind energy levels, and effective wind speed, as well as considering wind energy storage and the stability and longterm trends of WPD, Zheng and Pan [13] attempted to classify the global ocean wind energy resource. They concluded that the global ocean is rich in wind energy, especially in the winter Hemisphere.
Many excellent contributions to wind energy resource assessments have been provided by previous researchers. Until now, there has been little research regarding the longterm trend of wind energy, which is one of the most important points to consider in wind power plant selection. An increasing trend in WPD is helpful for the development of the wind energy resource, while the opposite is not conducive to longterm development and utilization. This study calculates the climatic trend of the wind energy in the North Atlantic, based on the cross-calibrated, multiplatform (CCMP) wind data for the period 1988-2011, in the hope of providing a reference for the long-term plan of wind energy development.
Data and Methodology
The WPD is obtained from the CCMP wind data, calculated as follows:
where is the WPD (W/m 2 ), is the wind speed at 10 m above surface (m/s), and is the standard sea-level air density (1.225 kg/m 3 ) [14] . Combining expression (1) with the CCMP wind data, we obtained the 6-hourly North Atlantic WPD of 10 m above the sea surface for the period 1988-2011. The topography characteristic is shown in Figure 1 .
The CCMP ocean surface wind product is hosted at the Physical Oceanography Distributed Active Archive Center (PO.DAAC) and has been evaluated and utilized extensively by the science community [15, 16] . The data is derived through cross-calibration and assimilation of ocean surface wind data from Special Sensor Microwave Imager (SSM/I), Tropical Rainfall Measuring Mission (TRMM), Microwave Our results are also consistent with the conclusions reported by NASA [9] and Capps and Zender [14] . Using 1000 satellite Synthetic Aperture Radar (SAR) images, Hasager et al. [18] concluded that WPD ranged from 300 to 800 W/m 2 at the 14 existing and 42 planned wind farms in the Baltic Sea. The study also concluded that the highest WPD value is located in the Skagerrak Strait, not in the Baltic Sea. Our calculated average in the Baltic Sea (200-600 W/m 2 ) is smaller than the result reported by Hasager et al. [18] . Through statistical analyses of 10 m National Centers for Environmental Prediction/Department of Energy (NCEP/DOE) wind data for the period 1979-2010, Chadee and Clarke [19] found that the Caribbean low-level jet (CLLJ) region is an area of superb WPD (400-600 W/m 2 ); the eastern Caribbean and the Netherland Antilles are locations of excellent WPD (300-400 W/m 2 ); and the Greater Antilles and the Bahamas are areas of good to very good WPD (200-300 W/m 2 ). It is clear that there is consistency between our results and Chadee and Clarke's [19] results in the Caribbean region. Capps and Zender [20] estimated that 80 m wind power is 1.2-1.5 times greater than 10 m wind power between the equator and 30 ∘ latitude; 1.4-1.7 times greater than 10 m wind power in the winter storm track regions; and more than 6 times greater than 10 m wind power in the stable regions east of the continents. This implies that the 80 m wind power in the North Atlantic is much greater than the 10 m wind power shown in Figure 2 .
Overall Trend of Wind Power Density.
The average annual values of WPD were calculated using the zonal average of WPD from 0000 UTC on January 1 to 1800 UTC on December 31 for each year from 1988 to 2011. The overall trend of the North Atlantic WPD for 1988-2011 was analyzed using a linear regression, as shown in Figure 3 . Figure 3 and the results of Earl et al. [22] , who also found that 2010 was an anomalously low wind year and was therefore a relatively bad year for wind energy production but a good year for the insurance industry in terms of reduced claim volume.
Regional Differences of the Long-Term Trend in Wind
Power Density. The annual mean WPD in the North Atlantic was calculated by averaging the WPD from 0000 UTC on January 1 to 1800 UTC on December 31 at each 0. More than half of the North Atlantic exhibits a significant increasing trend in WPD, a phenomenon that is a benefit for the development of the wind energy resource. The increasing 2 )/yr) using data from a 40-station wind monitoring network. Our results in the UK are consistent with the results of Earl et al. [22] . As shown in Formula (1), the primary driver of variation in WPD is wind speed. Young et al. [21] presented a general global trend of increasing wind speeds over the period 1991-2008, utilizing an 18-year database of calibrated and validated satellite altimeter measurements. Thomas et al. [23] determined that trends remain in the annual means of spatially averaged and adjusted wind data, with estimated rates of 40 cm/s/decade (6% decade 
Seasonal Differences of the Long-Term Trend in Wind
Power Density. To show the seasonal differences in the long-term variation in the North Atlantic WPD, we calculated the variation in WPD for the periods March-AprilMay (MAM), June-July-August (JJA), September-OctoberNovember (SON), and December-January-February (DJF) for 1988-2011, as shown in Figure 5 . There is a noticeable seasonal difference in the long-term trend of the North Atlantic WPD. The strongest increasing trend occurs in DJF, followed by SON and MAM. The increasing trend was the smallest in JJA.
In MAM, the waters around 10 
Discussion

Correlation between the NAO and Wind Power Density.
Studies by Young et al. [21] , Gulev and Grigorieva [26] , and Bertin et al. [25] provided evidence for the longterm variation in SWH after correction for interannual variability controlled by oscillating phenomena, such as the North Atlantic Oscillation (NAO) and the El Niño Southern Oscillation (ENSO). The NAO is a weather phenomenon in the North Atlantic Ocean that is a result of fluctuations in atmospheric pressure at sea level between the Icelandic low pressure and the Azores high pressure areas. Influenced by the fluctuations in the strengths of the Icelandic low and the Azores high, the NAO controls the strength and direction of westerly winds and storm tracks across the North Atlantic Ocean [27] . Dodet et al. [28] found a strong positive correlation between SWH and the NAO index in northern latitudes. Ocean waves are locally generated by the wind [29] , meaning that there is also a close relationship between the NAO and wind. Zhai and Wunsch [30] found a correlation between the winter NAO index and winter WPD in the North Atlantic. Hurrell [31] concluded that winter storms in the North Atlantic are driven by the strength of the westerly winds, which can be deduced from the NAO index. Sušelj et al. [24] found that the dominant mode of the North Sea 10 m wind speed (WS10) explains the variability of WS10 over the North Sea and is related to a sea-level pressure (SLP) pattern similar to the NAO. Reguero et al. [32] analyzed the monthly correlations between wave energy and several climate indices (e.g., the Atlantic Multidecadal Oscillation (AMO); the Arctic Oscillation (AO); the East Atlantic oscillation (EAO); the NAO; the Pacific-North America Index (PNA); and the Southern Hemisphere Annular Mode (SAM)). Their results show that there is a close relationship between the NAO and wave power density. Following their method, the monthly correlation between WPD and climate indices (NAO, Niño3 index) was calculated.
The NAO index is commonly defined as the difference in the normalized pressure between a station in the Azores and a station in Iceland. The NAO has a particularly dominant effect on the climate in winter months. In general, a positive NAO index is associated with windier, warmer, and wetter winters in northern Europe, while a negative NAO index is associated with less windy, colder, and drier winters in the area. In this study, we calculate the correlation between WPD and the NAO index, as shown in Figure 6 . An ellipse-shaped 
Correlation between ENSO and Wind Power Density.
We also calculated the correlation between WPD and the Niño3 index, as shown in Figure 7 . The Niño3 index is defined as the mean monthly temperature anomaly in the eastern tropical Pacific:
. Overall, WPD in most of the North Atlantic is not significantly correlated with the Niño3 index, as shown in Figure 7 (a). A small area east of South America shows a noticeable positive correlation between WPD and the Niño3 index, while waters near the equator, Baffin Bay, and Hudson Bay exhibit significant negative correlations. As shown in Figure 7 (b), we find a very strong negative correlation between the Niño3 index and WPD (lagging 3 months) in most of the North Atlantic. This correlation is stronger in the mid and high-latitude waters than in the low latitude waters. The only area that does not display a significant correlation between the Niño3 index and WPD is a small belt near 15 ∘ N (lagging 3 months). Waters in the eastern equatorial region of the North Atlantic exhibit a noticeable positive correlation between the Niño3 index and WPD (lagging 3 months). In conclusion, there is a noticeable negative correlation between the ENSO and WPD (lagging 3 months) in the North Atlantic, which can be attributed to the Niño3 index. The Niño3 index is always highest in the winter; therefore, the 3-month lagging period will always exhibit a negative correlation because wind speed in the spring is lower than that in the winter. Zheng et al. [34] found a significant increase in occurrences of wind speeds greater than Class 5. They also noted that this phenomenon has a close relationship with the ENSO. Wan [35] noted that meteorological interannual oscillations, such as the ENSO, could contribute to the wind power interannual variations observed in the available data over the period 2000-2010. Liu et al. [10] identified alternating high and low WPD caused by wind-stress modification of sea surface temperature (SST) along the semipermanent meanders of the mid latitude currents, such as the Agulhas Extension [36] , the Kuroshio Extension, and the Gulf Stream. As a result, it is possible to make a mid-to long-term prediction of the wind energy based on the correlation between the ENSO and WPD to assist the mid-to long-term development of wind energy and improve the absorption and conversion of wind energy resources.
Conclusions
The present study analyzed the long-term trend of the wind energy in the North Atlantic, based on CCMP wind data for the period 1988-2011. The overall trends, regional differences, and seasonal differences in the long-term trends are identified. The correlation between the NAO and WPD, as well as the correlation between the ENSO and WPD, is also calculated, in the hope of providing guidance for long-term wind energy development. The results show the following: ∘ N exhibits a noticeable negative correlation between WPD and the NAO. In addition, there are no leading or lagging correlations between WPD and the NAO. As a whole, WPD in the North Atlantic does not have significant contemporaneous correlation with the Niño3 index. However, there is a noticeable strong negative correlation between the ENSO and WPD (lagging 3 months) in most portions of the North Atlantic.
